A new method is presented for generating threedimensional images of the hepatic venous anatomy from helical computed tomography ICT) scans using volumetric rendering. The helical CT scans were obtained using peripheral injection of intravenous contrast via a power injector. Five patients with suspected liver tumors were studied from which one sample case was selected for illustration. Surgical planning of hepatic resection from three-dimensional images will soon become a practical part of patient care. T HE CORNERSTONE of current treatment for attempting to cure colorectal cancer metastatic to the liver or primary hepatocellular carcinoma is hepatic resection. Although improved surgical resection schemes have significantly improved the cure rates attained using hepatic resection,I the procedure continues to be limited in part by the ability of the surgeon to comprehend in three dimensions the location and extent of any tumor and its relationship to liver anatomy. During the past 5 years advances in computed tomographic (CT) imaging have provided the ability to detect lesions with unprecedented accuracy. An increased understanding of the dynamics of intravenous contrast delivery and its role in maximizing lesion detection led to the implementation of specific scanning techniques such as CT arterial portography (CTAP).2,3 CTAP has been shown to result in detection rates of greater than 90%.4,5,6 Although CT provides highly accurate anatomic information for the surgeon, the conventional method of displaying information, planar slices, does not fully address the surgeon's needs. An optimal display for the To date, 3D imaging has been applied to orthopedic applications-" but has not been routinely applied to imaging of the liver. Our experience with 3D imaging has centered around the use of volumetric rendering.x'? a technique that produces images of the human body with high fidelity to the original data.'! With application of volumetric rendering to orthopedics, data acquisition was achieved using dynamic thin-slice CT (collimation, 4 mm; slice increment, 3 mm; scan time, 1 second; interscan delay, 4 seconds). When imaging the liver, the use of dynamic CT as described above is not optimal for a number of reasons. The entire liver cannot be scanned during peak enhancement from contrast material with a 3-mm slice increment because study time is too long. Additionally, slice-to-slice registration is poor because of variable patient respiration. A new development in CT scanning, spiral CT,12 now makes it possible to acquire data of the liver with high resolution in one breathhold. We have used the spiral CT technique in conjunction with volumetric rendering to produce images of the vascular structures of the liver.
T HE CORNERSTONE of current treatment for attempting to cure colorectal cancer metastatic to the liver or primary hepatocellular carcinoma is hepatic resection. Although improved surgical resection schemes have significantly improved the cure rates attained using hepatic resection,I the procedure continues to be limited in part by the ability of the surgeon to comprehend in three dimensions the location and extent of any tumor and its relationship to liver anatomy. During the past 5 years advances in computed tomographic (CT) imaging have provided the ability to detect lesions with unprecedented accuracy. An increased understanding of the dynamics of intravenous contrast delivery and its role in maximizing lesion detection led to the implementation of specific scanning techniques such as CT arterial portography (CTAP).2,3 CTAP has been shown to result in detection rates of greater than 90%.4,5,6 Although CT provides highly accurate anatomic information for the surgeon, the conventional method of displaying information, planar slices, does not fully address the surgeon's needs. An optimal display for the surgeon would be a three-dimensional (3D) model of the patient's liver anatomy including tumor, vessels, and liver parenchyma. Such a display would function as a road map for the surgeon planning liver resection.
To date, 3D imaging has been applied to orthopedic applications-" but has not been routinely applied to imaging of the liver. Our experience with 3D imaging has centered around the use of volumetric rendering.x'? a technique that produces images of the human body with high fidelity to the original data.'! With application of volumetric rendering to orthopedics, data acquisition was achieved using dynamic thin-slice CT (collimation, 4 mm; slice increment, 3 mm; scan time, 1 second; interscan delay, 4 seconds). When imaging the liver, the use of dynamic CT as described above is not optimal for a number of reasons. The entire liver cannot be scanned during peak enhancement from contrast material with a 3-mm slice increment because study time is too long. Additionally, slice-to-slice registration is poor because of variable patient respiration. A new development in CT scanning, spiral CT,12 now makes it possible to acquire data of the liver with high resolution in one breathhold. We have used the spiral CT technique in conjunction with volumetric rendering to produce images of the vascular structures of the liver.
MATERIALS AND METHODS
A total of five patients with suspected hepatic tumors were scanned using a spiral CT technique as implemented on a Siemens Soma tom Plus CT scanner (Siemens Medical Systems, Iselin, NJ). The spiral CT consists of continuous movement of the scanner table while the detector/source array spins and collects projection data in a helical path (Fig  1) . Our scanning protocol consisted of the following parameters: collimation, 4 mm; table speed, 4 mm/s; 1 gantry revolution/s, and scan time, 24 seconds. Our preliminary work has used a peripheral injection of contrast material (120 mL of Omnipaque 300 or Hypaque 60; Winthrop Pharmaceuticals, New York, NY) into an antecubital vein. A power injector (Medrad Inc, Pittsburgh, PA) was used with an injection rate of 3 ml.zs. Spiral scanning was initiated 40 seconds after the beginning of injection. Pa- tients were instructed to hold their breath for the 24 seconds of scan time.
An interpolated image reconstruction technique as implemented on the CT scanner was used to produce image data from the raw helical projection data.'? This algorithm allows for the operator to select a slice interval for reconstruction. For our protocol we reconstructed slices at 2-mm intervals. Note that the current limitation on scanning time (24 seconds) permits coverage of only 9.6 ern with 4 mm/s of table movement. Future enhancement of scanner technology will permit longer scan times.
After image reconstruction, the image data were transferred to a separate freestanding imaging system (Pixar Image Computer, Vicom Systems, Fremont, CA; and Sun 4/280 Workstation, Sun Microsysterns Inc, Mountain View, CAl via nine-track magnetic tape or Ethernet (Xerox Corp, Palo Alto, CAl. The first step in creating 3D images of the liver is to separate the liver parenchyma from the surrounding tissue. A contour editing tool was used to interactively specify bounding regions of interest on each slice around the liver. The regions of interest are determined manually and the process takes approximately 15 minutes.
Next, nominal CT numbers are determined for liver parenchyma and liver venous anatomy. The operator spotchecks the CT number for the two tissues at multiple sites, and the sampled CT numbers for each type of tissue are then averaged to produce a nominal value. For our studies the nominal value for liver parenchyma ranged from 40 to 70 Hounsfield units (HU). The nominal value for hepatic venous anatomy ranged from 200 to 250 HU. These nominal values are used to form percentage classification tables for use in the segmentation step of volumetric rendering.
After completion of these first two manual steps, the imaging system automatically generates 3D images of the liver using the shaded surface variation of volumetric rendering. III We generate 72 images with viewing orientation spaced 5°apart. The images are then displayed in cine mode to view the liver rotating. We find that viewing moving images rather than static images allows for better understanding of complex 3D structures.!'
CASE REPORT
A 40-year-old woman with a history of Zollinger-Ellison syndrome underwent a spiral CT scan to rule out liver metastases. Images were reconstructed rotating in the spinal axis (Fig 2) and the tumbling axis (Fig 3) . The larger vessels are easily identified on the images: portal vein, splenic vein, superior mesenteric vein, and aorta. The branching of the hepatic venous system is also clearly defined, especially on the tumbling axis. The smaller vessels
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Sup. Mesenteric Vein are typically 2 mm in diameter and are visualized clearly. In this case, the liver was determined to be free of tumors.
DISCUSSION
The introduction of spiral CT scanning enables the acquisition of a data set of the liver that is nearly optimal for 3D reconstruction. Spiral CT allows for the quick acquisition of high-resolution data with no interscan motion. The short scan time allows for data acquisition at the peak of contrast enhancement in the liver. This has allowed us to make images of the vascular systems in the liver using only a peripheral injection. The current limitation of spiral CT-scan time and acquisition rate-will probably be overcome by technological advances. It is estimated that by late 1992 it will be possible to scan for up to 50 seconds continuously.
The 3D images that we generated show all of the vascular landmarks that would be necessary for presurgical planning of hepatic resection. 245 With CTAP it is possible to segment tumors from normal liver parenchyma. Liver lesions tend to not enhance significantly with the use of CTAP. By examining a histogram of voxel values within the liver, it is possible to determine the nominal CT value for a tumor and the value for normal liver parenchyma.l" Once determined, percentage classification can be used to identify the diseased tissue, and once identified it can by displayed using the rendering technique. With CTAP, the contrast between vessels and liver will be further enhanced than in this study; this can only make the images of vasculature even more detailed. We expect that with the solution of some of the problems raised here (eg, scan time and tumor imaging), systems for surgical planning of hepatic resection will come into routine use in this decade and, we hope, bring improved cure rates for metastatic disease of the liver and hepatocellular carcinoma.
